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Abstract 
In the domain of CNC (Computer Numerical Control) machining, both positional and contouring accuracy are of extreme 
importance.  Moreover, the need for higher precision and more complex freeform surfaces has reduced component geometric 
tolerances and increased the demand for higher process capabilities.  5-axis machine tools (or machining if you prefer) have 
enabled realization of these surfaces availing of full tool posture control, while also reducing set-up and production time.  
However, identification and quantification of associated errors is a challenge, often time consuming, with full physical correction 
near impossible.  This paper's focus is on the repeatability and functionality of the cone frustum acceptance test presented in the 
draft standard 2012, ISO 10791-7.  This work builds on the state of the art and proposes that the artefact used in the standard cone 
frustum test be developed to include two or more conical surfaces.  Explanation and investigation of the Multi-Cone artefact, with 
machining results on a Mori Seiki NMV1500, are reported.  The results show the repeatability of the cone frustum test and the 
potential for diagnostic benefits using the Multi-Cone artefact. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High Performance Cutting. 
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1. Introduction 
A myriad of critical mechanical components depend, 
functionally, on high precision 3D surfaces.  These include 
biocompatible medical devices, aerodynamic components for 
aero engines, and a range of automotive components, from 
turbocharger impellers to complex gears [1].  Moreover, the 
demand for more complex and higher precision 3D surfaces 
will only increase as products are developed, in many 
engineering sectors, to meet the demands for increased 
functionality and performance.  The automotive sector is 
indicative, as may be surmised from the case study of the 
automotive turbo impeller shown in figure 1.  It should be 
noted that the business process chain from Computer Aided 
Design (CAD) to 5-axis Computer Numerical Control (CNC) 
manufacture affects the accuracy of the final surface realized 
[2].  This is the core process of interest in this research.   
Figure 1.  Automotive Turbo Impeller [3]. 
Figure 1 shows an automotive turbine impeller.  A strong 
influence exists between the mathematical description of the 
3D blade surface and the impeller’s operational efficiency [4].  
These blades are often completely freeform, requiring 5-axis 
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CNC machining, enabled through Computer-Aided Design 
and Manufacture (CAD/CAM – CNC machining).  It is the 
accuracy of these processes, within the CAD/CAM – CNC 
chain, to both interpolate and generate the complex 3D 
surfaces, that determines the final geometry and finish quality.   
2. Cone Frustum 
The Cone Frustum (CF) test concept originates from NAS 
(National Aerospace Standard) 979 as an acceptance test for 
5-axis machine tools.  Within NAS979 however, the Cone 
axis was aligned to the machine Z-axis.  From the works of 
Bossoni [5], the inclination of the cone frustum was 
scientifically proposed.  From this the technical committee of 
ISO10791-7 (TC39) have included the inclined cone and its 
configuration values into ISO/DIS 10791-7 2012.  The conical 
surface produced is designed to assess the 5-axis contouring 
performance of the machine tool when all axes operate 
simultaneously.  Two machined features give a planar and 
positional reference.  The test configuration is shown in figure 
2.   
Figure 2.  Cone Frustum Machining Simulation. 
The conical surface generated can be measured for form, 
orientation and position relative to the machine reference 
features.  Two standard cone configurations  are detailed in 
the standard, with their  inclination and apex angles as the 
varied parameters.  These configurations will be detailed in 
section 2.  There are a number of benefits from this test, as 
follows: 
x Minimal machine downtime  
x Can detect critical errors 
x  precision roundness measurement over CMM 
measurements possible  
x Minimised cutting forces involved 
x Complete systems test 
x Fast, thus thermal motion does not affect the 
results 
2.1. Cone Frustum as a Diagnostics Tool 
Critically examining some of the literature based on cone 
frustum method, it is seen that there have been a number of 
interesting contributions.  Gebhardt et al. examined the 
influence of work piece positioning in four different locations 
within a Mori Seiki NMV5000 with TTTRR configuration [6].  
Small differences were seen between the cone circularity 
results.  The circularities reported by Gebhardt were affected 
by increasing range of the linear axes and the abbé error effect 
on the rotational axes performance.  The small variation 
between cone circularities reported throughout the machine, 
showed that the linear axes and, critically, the rotational axes 
errors were at a high level of precision.  This research also 
lays out a detailed description of the fixturing requirements for 
performing CF tests in different locations of the machine tool. 
In [7] Uddin presents a method of 5-axis kinematic error 
modelling for a 5-axis machine tool with a tilting rotary table.  
The errors of the rotary axes were identified using ballbar 
testing.  The 5-axis kinematic errors identified are then 
simulated using the 5-axis kinematic error model to predict 
their influence on a cone frustum machining test.  This paper 
however examines three different cone configurations, one 
with an inclination angle of 75 degrees.  The reported results 
compare the machining results of the configurations with the 
simulated results.  In this paper only the circularity profiles are 
presented and these have been overlaid on the obtained 
machining results.  A large proportion of the circularity errors 
are accounted for from a comparison of kinematic error 
simulations with the real circularity profiles, noting that there 
are trending differences in the circularities along the cones 
wall [7].  No sample size is quoted, thus a single machining 
test is assumed.  This paper shows the influence of the 
kinematic errors on the 5-axis performance, however it also 
shows that there are other unaccounted errors such as process 
or dynamic errors. 
Hong also investigated the kinematic error influence on the 
cone frustum test method through the development of a 5-axis 
kinematic error model [8].  He examined two cone 
configurations, which both had the same cone apex angle but 
different inclination angles.  The focus of the work reported 
by Hong was to simulate the influence of positional dependent 
errors on these two configurations on a tilting rotary table 
machine.  In this case, only the tool-path circularity profile 
was examined.  His results show the sensitivity of the cone 
configurations to rotary axes errors.  From experimental 
investigations using the R-test, B-axis motion errors were 
shown to influence the cone machining results. 
In [9] Kato et al used the ballbar to measure the circularity 
of a circular 5-axis tool-path, simulating the machining of a 
conical surface.  The tool-path was produced according to the 
cone frustum test of NAS979 and draft ISO 10791-7.  The 
workpiece end ballbar holder was positioned at the 
programmed theoretical base centre point for the cone.  The 
work reported by Kato examines the effects of the sensitivity 
of the measurement angle of the DBB in relation to the half 
apex angle of the theoretical CF.  Rotational axes errors were 
the key focus as well as the assimilation of the CF test using 
the DBB measurement device.  The ability to perform DBB 
tests that simulate the CF test, allow for the isolation of the 
influence of the machining process errors on the machined 
cone frustum results.   
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Machine evaluation techniques such as the R-test [10], non-
bar [11] or ballbar [12] are performed under no load 
conditions.  As such they do not consider spindle condition, or 
machining dynamics.  One of the main advantages of tests like 
the DBB and R-test is the ability to obtain results quickly  
once setup, allowing for alteration of machine parameters, in 
order to tune the machine and also calibrate the machines 
kinematic structure.  There is also a digital traceability in these 
types of test as a report and error trace can be easily generated.  
For machining tests, the workpiece must be measured and 
there is less traceability of the process parameters used. 
3. Experimental Research Plan 
Within the 5-axis CAD/CAM – CNC process chain, the 5-
axis machine tool and its kinematic accuracy are critical.  The 
introduction of two additional rotational axes for a typical 
configuration, invariably increases the length of the kinematic 
chain and total driven mass.  This reduces rigidity and 
increases the potential for abbé error, leading to a higher 
number of error sources with more complex control strategies 
required over the 3-axis counterpart [13].  Full calibration of 
machine positioning systems is time consuming and expensive 
due to down time and necessary instrumentation.  Under 
normal working conditions, wear of machine components 
including drive and guide systems lead to the deviations of the 
tool-path from nominal.  Importantly, it is these kinematic 
errors that are largely responsible for the volumetric errors of 
the CNC machine, typically at ~70% [14].   As such, it is the 
motivation of this researcher to evaluate the 5-axis CAD/CAM 
– CNC system, focusing on the kinematic error assessment.   
The cone frustum test is seen as a suitable method for 
machine error investigation, with much research previously 
performed on the standard configuration cone frustum.  ISO 
10791-7 details two cone configurations.  In order to establish 
a basis for investigation of the Multi-Cone artefact described 
in section 3.1, a five sample machining trial of both cone 
frustum configurations was conducted on a Mori Seiki 
NMV1500.  The purpose was also to perform a comparison of 
the effect of the machines errors on both configurations.  The 
test setup is detailed in table 1. 
Table 1.  Standard Cone Trials Parameters. 
 
The fixturing used for both configurations was a modular 
system where the inclination angle of the cone could be 
changed between both configurations.  The offset of the cones 
centre from the C-axis centre point was set as: x=37.5mm, 
y=0, z=100mm.  This offset was the same for both 
configurations.  Finite element analysis of the fixture showed 
submicron deflection under typical loads.  The setup is shown 
in figure 3. 
Figure 3. Fixture Setup. 
3.1. The Multi-Cone Artefact 
As part of our research into the use of the cone frustum 
artefact for 5-axis machine error assessment, a double cone 
artefact was proposed in [15].  The basic premise is that an 
artefact with multiple conical surfaces can be the basis for 
improved error diagnostics through:  
x Accurate measurement of the multiple relative conical 
surface positions 
x Measurement over a larger axis range in a single test  
Figure 4.  Multi-Cone Artefact YZ Plane View. 
The Multi-Cone artefact developed here, referred to as an M-
Cone, is designed to interpolate a hemisphere by conical 
surfaces of different apex angles, coaxial to the hemisphere 
axis.  The resolution is dependent on the apex angle 
increment.  For simplicity, the most basic of the M-Cone 
artefacts is a two-cone configuration shown in figure 4. This 
will be investigated in section 5 
The lower cone’s apex angle and the artefact’s inclination 
are per the ISO 10791-7 configuration 1, cone.  The upper 
cone apex angle is greater by 90 degrees than the lower cone, 
i.e. it is 120 degrees.  This configuration is designed such that 
Parameter (Sample Size 5) Configuration 1  Configuration 2  
Cone Half Apex (Degrees) 15  45 
Cone Inclination (Degrees) 10 30 
Cone Diameter (mm) 80 80 
Depth of Cut (mm) 0.1 0.1 
Speed (RPM) 4000 4000 
Feed (mm/min) 250 250 
Tool Diameter (mm) 12 12 
Tool Material  Uncoated Carbide Uncoated Carbide 
Helix Angle (Degrees) 45 45 
Flutes 2 2 
Length (mm) 76 76 
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the tool-paths required have the same B-axis range.  This 
allows for comparison of similar tool-paths between the upper 
and lower conical surfaces, with the same B-axis range, 
performed at two different central B-axis locations.  This has 
the potential benefits for the examination of B-axis motion 
errors.  Any additional conical surfaces must be paired in this 
manner, with the conical wall length equal across all faces.  If 
an odd number of conical surfaces are chosen, then the middle 
surface will have an apex angle of 90 degrees.   
The 2012 ISO 10791-7 standard presents a cone height of 
20mm, which produces a different cone wall length depending 
on apex angle.  The M-Cone cone wall length must be equal 
across all cones, with a minimum length of 6mm, due to the 
requirements in ISO 10791-7 of 2mm from top and bottom for 
circularity measurements.   
4. Standard Cone Results  
4.1. Configuration 1 Results 
Table 2.  Configuration 1 Machining Trial Results (* n=15). 
Config 1 Cone 1 ( μm) Cone 2 ( μm) Cone 3 ( μm) 
Cone Error X Y O X Y O X Y O 
Top -55 14 38 -38 -1 40 -36 30 30 
Middle -58 15 30 -43 9 37 -39 24 27 
Bottom -44 16 41 -45 9 35 -30 23 28 
Mean -52 15 36 -42 6 37 -35 26 28 
St Dev. 7 1 6 4 6 3 5 4 2 
    
Config 1 Cone 4 ( μm) Cone 5 ( μm) Mean Cone (6) 
Error X Y O X Y O X Y O 
Top -38 17 36 -32 26 38 -40 17 36 
Middle -38 18 37 -23 24 42 -40 18 36 
Bottom -39 16 46 -32 25 53 -38 18 41 
Mean -38 17 40 -29 25 44 -39 18 37 
St Dev. 1 1 6 5 1 8 9* 8* 7* 
 
Table 1 shows the measured position relative to the circular 
reference (XY) and circularity (O) for the five configuration 1 
cones machined.  The circularity error reported is acceptable 
by the 2012 ISO 10791-7 draft standard (80μm).   A 
theoretical average cone is developed from the mean of the 
measurements and the standard deviation is taken from all 
measurements, i.e. n=15.   From examining the result, the 
standard deviation is less than 10 μm for both 5-axis and 3-
axis machining operations.  The variation of the mean values 
of the x and y positions in the average cone column are 
<=2μm for configuration 1. 
It is noted however, that there is a deviation in circularity 
from the lower level of the average cone to the upper along its 
wall, with an increase of 4μm.    What is important for the 
investigation of cone frustum errors is the circularity profile 
produced during the machining operation, as kinematic error 
modelling can be used to identify the major influencing error 
groups  
Figure 5.  Configuration 1 Machining Trial Circularity Profiles.  
Figure 5 shows the circularity profiles recorded for a 
sample cone in the configuration 1 machining trial.  From 
examination across all samples, the circularity profile has a 
lobing effect near the negative Y-axis accompanied by a 
tapering effect in the negative X and negative Y quadrant of 
the circular plot.  
Although the contouring and repeatability of the trial 
results are within tolerance, there is a significant positional 
error of the cone in relation to the circular reference feature. 
The circular reference feature was programmed using the ideal 
machine model, whereas the cone surface feature was 
machined using the machine’s calibration data.   
4.2. Configuration 2 Results 
Table 3.  Configuration 1 Machining Trial Results (* n=15). 
Config 2 Cone 1 ( μm) Cone 2 ( μm) Cone 3 ( μm) 
Cone Error X Y O X Y O X Y O 
Top -26 258 46 -13 256 50 -12 261 54 
Middle -22 257 48 -13 259 56 -10 259 59 
Bottom -14 265 53 -3 265 52 -7 263 53 
Mean -21 260 49 -10 260 53 -10 261 55 
St Dev. 6 4 4 6 5 3 3 2 3 
    
Config 2 Cone 4 ( μm) Cone 5 ( μm) Mean Cone (6) 
Error X Y O X Y O X Y O 
Top -5 252 48 -19 259 56 -15 259 56 
Middle -4 259 58 -19 256 57 -14 256 57 
Bottom -4 269 59 -12 264 54 -8 264 54 
Mean -4 260 55 -17 260 56 -12* 260* 56* 
St Dev. 1 9 6 4 4 2 7* 4* 2* 
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Table 3 shows the measured results and analysis performed 
for the configuration 2 cone machining trial.  From 
examination of the results, the repeatability of the machine 
and evaluation are quantified by the standard deviations of 
<7μm, with 4μm recorded for the average cone circularity.  
The variation of the average mean values, in the sixth column, 
of x and y at different locations on the cone, are up to 4μm.  
This is not as good as reported for configuration 1, indicating 
that the larger range of the B-axis required for configuration 2 
may have introduced small angular errors of the tool, thus 
skewing the cone’s axis.  A significant positional error of the 
cone’s axis line in relation to the circular reference feature is 
seen due to the use of an ideal machine model for the circular 
reference feature as in configuration 1.  
Figure 6.  Configuration 2 machining trials circularity profiles. 
Figure 6 shows the circularity profiles for a cone sample of 
configuration 2.  From examination across all samples, the 
circularity profile of configuration 2 has similar features to 
that of configuration 1, however, with a larger circularity 
value.  There is a lobing effect near the negative Y-axis 
accompanied by a tapering effect from the negative X and Y 
quadrant of the circular plot.   
5. Multi-Cone Artefact Results 
For this research an investigation of the machining tool-
paths required for the previously described M-Cone was 
undertaken using an ideal kinematic model of the Mori Seiki 
NMV1500 machine.  The machining of an M-Cone was also 
performed and analysed under the same conditions as that of 
the configuration 1 standard cone.  
The idealised kinematic model was used to simulate the 
axis movements required for the machining of the two cone 
surfaces.  These results are shown in figures 7 and 8.  
Comparison of the B-axis motion ranges show that they are 
the same across the upper and lower surfaces, however with a 
60 degree offset of the start positions.  
Figure 7.  Multi-Cone Lower Cone Rotation Axes Motions.  
Figure 8.  Multi-Cone Upper Cone Rotation Axes Motions. 
The Multi-Cone artefact only requires a single set of 
reference features.  This allows for accurate comparison of the 
individual cones positions relative to each other and the 
reference features.  This has the potential to improve 5-axis 
performance evaluation across a wider range of the machine’s 
volume through accurate comparison of the cone’s relative 
positional errors.  This comparison may be useful for error 
diagnostics, whereby the relationship of the cones to each 
other can be understood through kinematic error modelling.   
For the Multi-Cone artefact, a single M-Cone artefact was 
machined for examination of its results against that reported in 
the standard cone machining trial.  From the machining trials, 
the repeatability of the machine was quantified.  The M-Cone 
test here allows for machine accuracy examination over a 65 
degrees B-axis range, but with two separate, focused tool-
paths.  The error assessment is based on the analysis of the 
two adjacent conical surfaces.  The results of machining trial 
are presented in table 4.   
Table 4.  M-Cone Machining Trial Results. 
M-Cone Lower Cone ( μm) Upper Cone ( μm) 
Error X Y O X Y O 
Top -43 40 37 -98 23 27 
Middle -45 39 37 -85 19 24 
Bottom -44 32 35 -76 18 24 
Mean -44 37 36 -86 20 25 
St Dev. 1 4 1 11 3 2 
 
The most significant aspect of these results is the positional 
offsets of the upper and lower conical surfaces from each 
other, most significant in the X direction at 42μm.  This 
indicates inconsistencies between machining two similar tool-
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paths separated by a B-axis angle of 45 degrees.  There is a 
difference between the circularity values of the two conical 
surfaces of 11μm; however, a similar circularity profile was 
seen for both, as well as being similar to that of the standard 
cone machining trial results.  A standard deviation of <2μm is 
seen for both cones across the three circularity measurements.  
The reduction in the standard deviation of the M-Cone from 
that of the standard cone configurations deviations of 7μm and 
4μm, is inferred to be due to the reduced wall length of the 
individual cones on the M-Cone compared to the length of the 
standard cone wall. 
6. Conclusions and Future Outlook 
This paper has detailed the presentation and analysis of a 
machining trial of both standard cone frustum configurations 
from ISO 10791-7.  A detailed analysis of the results has been 
undertaken with process repeatability for both quantified.  A 
number of errors were identified from the results.  The use of 
the idealised machine model for the circular model was clearly 
detected, showing the function of the cone frustum as a 
complete CAD/CAM – CNC process chain test method.  
Errors within the circularity profiles have been seen, with 
similarities across both configurations.  The standard deviation 
of three circularity profile positions on a cone is seen to 
increase from configuration 1 to configuration 2.  It is inferred 
that an angular error of the tool due to the larger range of the 
B-axis is present in configuration 2.   
Leading on from the investigation of the standard cone 
configurations, the Multi-Cone Artefact was described with a 
machining trial performed.  The Multi-Cone artefact concept 
has a number of proposed benefits for 5-axis error diagnostics.  
Through its interpolation of a hemisphere using cones it 
allows for the comparison of multiple 5-axis machining 
operations on a single artefact, thus only requiring a single set 
of reference features.  Within this comparison, the positional 
errors of the multiple cones relative to each other can be 
accurately quantified without the need for consideration of the 
circular reference.  The M-Cone artefact investigated 
examined a 65 degree range of the B-axis, however with two 
focused tool-paths.  The cross comparison of the two cones 
produced has potential for enhanced error diagnostics through 
a better understanding of the B-axis influence.  The Multi-
Cone artefact is seen as an additional artefact to the original 
configurations presented in 2012 ISO 10791-7. 
The investigation of the Multi-Cone artefact, through 5-
axis kinematic error modelling, will be used to decouple the 
major error sources within the cones circularity and positional 
errors and thereby facilitate diagnostics.  A programme of 
further systematic tests will be planned to quantify the 
repeatability and capabilities of the M-Cone in comparison to 
the standard cones.  
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